Controlling domain width, orientation, and patterns in oxide ferroelectrics are not only important for fundamental research but also for potential electronic application. Here, a series of PbTiO 3 thin films under various cooling rates were deposited on (110)-oriented NdScO 3 substrates by pulsed laser deposition and investigated by using conventional transmission electron microscopy, Cs-corrected scanning TEM and piezoresponse force microscopy. Contrast analysis and electron diffraction revealed that PbTiO 3 films are a 1 /a 2 domain patterns under large tensile strains with different cooling rates. The a 1 /a 2 domains distribute periodically and the domain width increases with decrease in the cooling rates.
Introduction
Ferroelectric materials have been widely used and also show great potential in the electronics industry due to their excellent physical properties, such as ferroelectric, piezoelectric, dielectric and so on. 1 With the trend for electronic device miniaturization, ferroelectrics need to decrease their physical dimensions to broaden their applications. Along with the size decrease, the ferroelectric materials take the form of thin lms, nanowires and even nanodots, which will introduce many inuencing factors (such as residual stress due to epitaxy, surface tension, shape anisotropy or structural defects) on the physical properties. 2 The thin lm ferroelectrics as the most promising materials for non-volatile memories have received much attention and their physical properties are highly correlated to the internal domain structure. 3, 4 For example, previous studies indicate that a peculiar rumpled nanodomain structure is analogous to morphotropic phase boundaries in ultrathin BiFeO 3 lms, while the switching of 90 domains can enhance the piezoelectric property in tetragonal ferroelectric thin lms. 5, 6 Moreover, the domain wall is a transition region between adjacent domains, which could give rise to emerging functionalities to the lms, such as conduction, magnetotransport and photovoltaic effects. [7] [8] [9] Thus, it is necessary to understand the domain evolution mechanism for better control of domain patterns and may further modify the lm properties.
Generally speaking, the thermodynamic equilibrium domain structure in a ferroelectric is determined by the minimization of the total free energy of the system, which is typically a sum of electrostatic energy, elastic strain energy, and domain wall formation energy. 10, 11 In the case of ferroelastic domains in tetragonal ferroelectric perovskites, such as PbTiO 3 (PTO), PbZr 0.2 Ti 0.8 O 3 , walls with {110} orientations are only permitted because of the tetragonal symmetry. In a lm is grown on (001) orientation, the ferroelastic domain patterns consist of a-and cdomains whose a and c axes are normal to the growth plane, respectively. These are the so-called 90 a/c domain and a 1 /a 2 domain. 12, 13 In the past decades, great efforts have been made in the experimental explorations and theoretical simulations on various domain structures in ferroelectric thin lms, such as c/ a 1 /a 2 multi-domains and full ux closure vortex domain structures. [14] [15] [16] [17] [18] [19] Both theoretical and experimental studies indicate that the formation of domain structures in tetragonal PTO thin lm depends on many factors. It has been reported that mist strain between the lm and substrate is a primary inuence factor for the formation of domain pattern in the lm. When the mist strain changes from large compressive to large tensile strain, the domain develop from c domains to c/a 1 /a 2 domains, and then to a 1 /a 2 domains. [12] [13] [14] In addition, many other factors, such as depolarizing eld, lm thickness, external elds and growth conditions, also have an effective impact on the domain pattern in ferroelectric thin lms. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Although multiple growth parameters adjusted are very difficult during the lm growth, there are some studies revealing that the lm growth conditions (i.e., oxygen pressure, laser frequency, cooling rate, etc.) have a signicant impact on domain structures and properties. 15, 20, 24 It is theoretically proposed the cooling rate dependence of domain evolution in terms of kinetically limited phenomena. 25 Since the paraelectric to ferroelectric transformation is nucleation limited, higher cooling rates may suppress nucleation and thus lead to lower transformation temperatures and smaller a-domain volume fractions.
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Nevertheless, experimental observations on how the a 1 /a 2 domain structures evolve with the cooling rate or other parameters in ferroelectric lms have not been reported enough so far, especially at an atomic level. Previously, Cao et al. have studied PTO lms deposited on MgO(001) by the metal-organic chemical vapor method under different cooling rates and found that a bilayer structure formed in the PTO lms, and the bottom layer of the lms near the substrate is a-domain region. 27 It implies the effect of cooling rates because it is more likely to form c-domains in PTO/MgO(001) systems due to the large thermal expansion coefficients of MgO than PTO above T c . 25 In addition, previous studies of a 1 /a 2 domain structures have been mainly carried out by piezoresponse force microscope (PFM), which indeed give some macroscopic or mesoscopic information but cannot provide enough atomic-scale information of domain and domain wall patterns due to the lower resolution limitation. 28, 29 Therefore, detailed atomic-scale analysis of domains/domain walls evolution versus cooling rate in ferroelectric PTO thin lms is necessary to better understand the formation mechanism of the domain/domain wall structure and their inuence on the electric performances.
In this work, PTO lms with a xed thickness of 40 nm were grown on an orthogonal (110)-oriented NdScO 3 (NSO) substrate under different cooling rates and systematically studied by using XRD, TEM and PFM. The NSO substrate is in-plane anisotropic and thermally insensitive undergoing no structural phase transition below 1000 C. 33 The XRD and TEM investigations indicate periodic stripe a 1 /a 2 domains form in these lms with domain wall lying on (110) or (1 10) of PTO and the domain size decreases along with the cooling rate increases. Moreover, atomically resolved STEM imaging demonstrates that the a 1 /a 2 domain structures have salient features under different cooling rates. PFM measurements show that the piezoresponse amplitude is signicantly enhanced in PTO lms with the fast cooling rate due to the high density domains/ domain walls and complex congurations.
Experimental section

Film growth conditions
The PTO thin lms with the thickness of 40 nm were grown on NSO single crystal substrates by pulsed laser deposition (PLD), using a 248 nm KrF excimer laser. The PTO target is 3 mol% lead-enriched sintered ceramic. Before lm deposition, the NSO substrate was heated to 850 C for 5 min to clean the substrate surface and then kept at 700 C. 
Samples preparation, images collection and dates process
Cross-sectional and plan-view samples were prepared by slicing, grinding, dimpling and nally ion milling by using Gatan 691 PIPS, while plan-view samples were milled only from the substrate side. The nal ion milling voltage was less than 0.3 kV to reduce amorphous layer produced by ion beam damage. A Tecnai G 2 F30 transmission electron microscope was used for electron diffraction and diffraction contrast analysis. The HAADF-STEM image was acquired using a Titan G 2 60-300 microscope with a high-brightness eld-emission gun and double aberration (Cs) correctors from CEOS operating at 300 kV, while the beam convergence angle was 25 mrad and collection angle ranged from 50 mrad to 250 mrad. Strain analysis was based on custom plugins of geometry phase analysis (GPA), carried out using Gatan Digital Micrograph so-ware. 34 Determination of the positions of atoms in the atomicresolution STEM images was based on Matlab soware by two-dimensional (2D) Gaussian peak ttings.
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Results
The PbTiO 3 lms were grown on NdScO 3 (110) O substrates (where subscripts O refer to the orthorhombic unit cells). For simplicity, all the orientations without marking subscripts represent pseudocubic perovskite and [001] orientation indicates the out-plane direction which is the direction of lm growth. NSO has an orthorhombic crystal structure which provides two in-plane strain: the NSO in-plane lattice parameters are 4.002Å (100) and 4.014Å (010), 33 which produce nominal room temperature mist strains 3 s of 2.7% and 3% tensile strain, respectively. For PTO (a ¼ 3.894Å, c ¼ 4.14Å), 38 the average mismatch strain is therefore about 2.85%, which is considered to be a large tensile strain. It is seen that the spots splitting along the [001] direction in enlargement frame 1 can be identied as 002 s and 002 a , which is due to the difference in out-ofplane lattice parameters of PTO and NSO. The subscript "s" denotes substrate and "a" denotes a-domain whose a-axis along the out-of-plane direction. The lattice parameter of PTO derived from the diffraction pattern is approximately 0.387 nm, smaller than NSO (0.396 nm) and close to the a-axis lattice constant of PTO bulk (a ¼ 0.389 nm). The in-plane spots splitting along the [0 10] direction in enlargement of frame 2 can be determined as 0 20 s and 0 20 a , respectively. Detailed observation upon (013) indicates that the spot splits into three as seen in Fig. 1(b) . The strong spot is from NSO and the two weak spots from two adomains whose c-axis along [010] and [100] direction, respectively. Fig. 2 displays the cross-sectional TEM images of PTO thin lms with different cooling rates grown on NSO substrates. The thickness of the lm is about 40 nm. Fig. 2(a) is the bright eld image of the T30 PTO lm, where it is seen that the interface of lm/substrate is at as marked with a pair of white arrows. Some bright and dark stripe-like areas are regularly distributed, nearly perpendicular to the interface. Fig. 2(b) is a dark-eld image corresponding to Fig. 2(a) . It is seen in both Fig. 2(a) and (b) that these dark and bright contrast areas are periodically distributed in the lm with the width (W) of about 24 nm. Most of the stripes are very narrow, few areas are wide as indicated by the white vertical white arrows, which should be the bifurcations of different domains. Decreasing the cooling rate to T15, the morphology of the PTO lms are shown in Fig. 2(c and d) which are a bright eld image and corresponding dark eld image, respectively. In contrast to the aforementioned features in Fig. 2(a and b) , it is seen that some stripe-like areas become wider, and the average width (W) of stripe-like areas increases to be around 26 nm. Further reducing the cooling rate to T5, the morphology changes accordingly as shown in Fig. 2(e and f) . In Fig. 2(e and f) , it is observed that the stripe-like areas turn to be very sharp, with uniform width (W) of 28 nm. Usually, the a/c domain wall lies on the {011} and {101} twin planes of the PbTiO 3 , while the a 1 /a 2 domain wall lies along the {110} twin planes. In the cross-sectional view, a/c domain wall exhibit Fig. 2 should be a 1 /a 2 domains. Moreover, the XRD study indicates the lm is a domain dominated, which also implies these stripes could be 90 a 1 /a 2 domains.
As shown in Fig. 2 , the domain structure features a periodic a 1 /a 2 /a 1 /a 2 . arrangement in each system. In order to explore the thermal evolution of these domain congurations in the lms, further study is performed under plan-view observations, as shown in Fig. 3 . In Fig. 3(a) (T30) , it is seen that the stripe-like areas with alternately bright and dark contrast along [110] or [1 10] direction are believed to be a 1 /a 2 domains (the domain walls are marked with a pair of red dashed lines). To precisely gauge the width of the a 1 /a 2 domain (W), we measure the perpendicular distance of the domains along [110] or [1 10] , as indicated by a pair of red arrows in Fig. 3 . The domain walls both arranged along [110] and [1 10] directions are approximately equal and the density is high. There are a few discrete bifurcations parallel to the domain wall and the width of the domain change as indicated with the green oval. It is of special interest to notice that there are some special domain features, such as square frame labeled as 1 and 2, each of which are extracted from the image and illustrated in Fig. 3(b, c) and (d, e) , respectively. Based on the image in Fig. 3(b) and it's schematic in Fig. 3(c) , it is seen that, between the long domains, some tiny domains perpendicular to the longer ones are formed. From  Fig. 3(d and e) , it is seen that a square domain pattern formed, which is very special and has not been reported before.
Decreasing the cooling rate to 15 C min À1 , the domain pattern changed with the domain walls. More dominantly along [110] direction than [1 10 ], direction as shown in Fig. 3(f) . The width of the domain is not very unanimous and some interaction areas between adjacent domains become obscure. From Fig. 3 (g and h) (corresponding to frame 1 0 ), it is seen that some small domains are becoming bigger and more new domains are formed. And from Fig. 3 (i and j) (corresponding to frame 2 0 ), the square domain patterns are broken due to the new patterns evolved with the thermal changing. There are some bifurcations appeared in the T15 PTO lm. As the cooling rate continues to decrease to 5 C min À1 (T5), it is observed that the domain walls become very sharp and the domain arrangements are highly anisotropic, giving rise to long domain walls as shown in Fig. 3(k) . The domains in frame 1 00 appear longer than those in T30 and T15 lms along [1 10] . According to the image contrast of area 1 00 , a selected part of the frame in Fig. 3(l) , it is proposed that the different orientation domains intersect and form a threefold vertex distribution as that in the schematic of Fig. 3 (m) and will be conrmed later. In the frame labeled as 2 00 , the square domain patterns are also formed, and relevant information can be clearly found in the corresponding frame ( Fig. 3(n) ) and schematic ( Fig. 3(o) ). There are some parallel domains appearing inside the yellow frame, and the arrangements different from the Fig. 3(d) 's. Fig. 3(k) shows more bifurcations, which results from the fact that the width of the domain continuously changes when the cooling rate decreasing. To establish the relationship between the domain width (W) and the cooling rate, we measure the period of domains in both cross-sectional and plan-view samples. The periodicity is measured perpendicular to the domain wall in plan-view observations, whereas in cross-section samples it is measured parallel to the sides of the stripes and hence at 45 to the domain wall. Thus, a ffiffiffi 2 p correction factor has to be included in the comparison. With this correction, the statistics data are summarized in Fig. 4 . It is seen that the widths of a 1 /a 2 domains increase with decrease the cooling rate. Therefore, the density of domain/domain wall in T30 PTO lms is higher than the T15 and T5 PTO lms.
To clearly reveal the details of a 1 /a 2 domain pattern, highresolution HAADF-STEM imaging is carried out by aberrationcorrected scanning transmission electron microscopy (STEM), which is a very useful tool for studying ionic displacement in perovskite materials. domain walls. In tetragonal PTO lms, the spontaneous polarization (P s ) projection is opposite to the sub-lattice Ti displacement direction which can be used to determine the polarization of each unit cell. [17] [18] [19] Fig. 5(b) is a superposition of reversed d Ti vectors (yellow arrow) with the atomic mapping corresponding to the area labeled with a white rectangle in Fig. 5(a) . Red arrows denote reversed d Ti vectors which are consistent with the spontaneous polarization direction of PTO. In the HAADF images, the Pb 2+ columns appear as the bright dots because the intensity of atom columns is approximately proportional to Z 1.7-2 , where Z is the atomic number, [17] [18] [19] 35, 36 while the Ti 4+ columns show weak contrast. It is noteworthy that the two 90 domain walls and one 180 domain wall actually generate a threefold vertex domain (Fig. 5(b) ). To map the strain distribution around a 1 /a 2 domains, geometric phase analysis (GPA) is carried out corresponding to Fig. 5(a) . 34, 36, 37 Fig. 5(c) is the in-plane strain (3 xx ) map, where it is seen that the in-plane strain distribution is inhomogeneous. This is due to the difference of c-axis orientations of a 1 /a 2 domains, consequently, the a 1 /a 2 domain walls can be easily distinguished according to the different colors (the in-plane strain in the a 1 domain is set to be zero). Fig. 5(d) shows the in-plane lattice rotation (R x ) map, corresponding to the area shown in Fig. 5(a) . The yellow arrow as seen in Fig. 5(a) and (d) indicates a 180 and 90 domain wall, which is similar to the previous observations.
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It is worthwhile to mention that the sample with a fast cooling rate (T30) exhibits distinct characteristics. Fig. 6(a) is a low-magnication high-resolution HAADF-STEM image showing the domain distribution in T30 lms obtained from represent the evolution of square-framed domain patterns under different cooling rates. Green oval represents the bifurcation of different domains. Fig. 4 The cooling rates dependence of the a 1 /a 2 domain width (W). The data is statistically obtained from numerous domains in both cross-sectional and plan-view samples.
plan-view. It is seen that the a 1 /a 2 domains along [110] and [1 10] ,direction are arranged regularly and the domain density is very high. In addition to the a 1 /a 2 domains, some complex domain congurations such as square frame-like domain patterns are observed as indicated with a white frame. Fig. 6(b) is an atomically resolved HAADF-STEM image of the area labeled as a white frame in Fig. 6(a) , where the blue dashed lines indicate the domain walls. It is seen that the complex domain pattern consists of ve domains named a 0 -a 4 . To gure out the strain and polarization distributions around the domains, inplane strain mapping by GPA is conducted and shown in Fig. 6(c) . The in-plane strain (3 xx ) map show the inhomogeneous distributions due to the coupling between the distortion lattice and the polarization. The a 1 /a 2 domain walls can be easily distinguished due to the colors difference (the in-plane strain in a 0 domain is set to be zero). In Fig. 6(c) , four domains (red area) formed a square frame-like domain pattern, and one domain with frame-like (blue area) is enclosed by the others. To gure out the polarization distribution, two areas are selected as indicated by white frames in Fig. 6(b) . According to the polarization distributions shown in Fig. 6(d and e) , it is seen that the upper white frame (labeled as 1) indicates a presence of a "tailto-tail" domain wall, while the lower white frame (labeled as 2) displays an existence of a "head-to-head" domain wall. The unmarked areas in the le and right have similar domain wall types, e.g. 180 domain wall. According to the strain distribution in Fig. 6 (c) and polarization distributions in Fig. 6(d and e) , the schematic diagram of polarization distribution in the square frame-like patterns is illustrated in Fig. 6(f) . It is worthwhile to mention that the presence of the charged domain wall might induce unusual structural distortions and exotic physical properties.
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For the PTO lms with different cooling rates, the phasevoltage hysteresis loops in Fig. 7(a) shows a well-dened square loop feature and the amplitude-voltage hysteresis loops in Fig. 7 (b) displays a typical "buttery shape". These performances suggest the existence of ferroelectric switch behavior in these PTO thin lms. 41, 42 Importantly, the T30 PTO lm has a maximum piezoresponse amplitude compared with others, implying a higher piezoelectric response. The T15 and T5 PTO lms have relatively lower piezoresponse amplitudes, which indicate that the piezoelectric response is dependent on domain density and congurations.
Discussion
The tetragonal PTO lms, deposited onto an NSO orthogonal substrate, are strained and consequently exhibit different inplane lattice constants. Even a slight difference in the inplane lattice mismatch is sufficient to inuence the domain structure. 30, 32 The anisotropy of the substrate's in-plane lattice constants can inuence the domain formation energy barrier during PE-FE transformation. Although the stability maps provide a general and versatile approach for understanding the nal domain congurations, the relaxation kinetics aer the PE-FE transformation also need to be taken into account when growth conditions change. The difference of domain width in the different cooling rate systems can be ascribed to the different growth kinetics of the domain during the lm deposition. But it should be pointed out that the nal pattern of the domain with the fast cooling rate (T30) is determined by growth kinetics, which means that there is not enough time and energy for the nucleation growth. So the variants of the domain are randomly distributed in the two in-plane directions. In the meanwhile, the cooling rate also can inuence the formation of mobile point defects (such as oxygen vacancies). 36 Populations of the point defects could be pinned on the domain walls, resulting in the increment of total energy and thus the novel domain patterns formed. Generally, a 1 /a 2 domains are 90 domains and their polarizations are in-plane, which suggest that their formation is not driven by depolarization eld. Instead, it is related to an attempt to minimize stress in the lm. In spite of the obvious lattice distortion and broadening at the domain walls. There also are some charged domain wall formation here, which may be related to the fast cooling rate because charged domain walls are not the most favourable congurations, 43 which might be stabilized by electrostatic energy and mechanical forces. Such mechanical forces stem from substrate clamping and mutual forces that are induced by the domains during the crystallographic phase transition. 40 Furthermore, the nal patterns of the domain in the slow cooling rate system (T5) is determined by thermodynamic. It is observed that the single domain variant becomes more favourable when the cooling rate decreases, leading to the domains longer and wider along one orientation. The reason may lie in two factors. One is the elastic energy. As the system cooling rate decreases, the elastic energy is associated with the formation of walls between the domain variants decrease; the other one is the point defect relaxation. As the system cooling rate decreases, the point defect diffusional processes increase. As a result, a single domain state is energetically more favourable. Along with the cooling rate decreases from T30 to T15 and then to T5, the domain size tends to large. This phenomenon implies that the manner of strain relaxation in the lms is associated with domain wall motion, such as coalescence of adjacent domain. Therefore, it is more or less prone to be the one classied as Ostwald ripening-like structures. 44 In fact, the nal domain state depends on the competition between various energies associated with exchange and crystallographic anisotropy of ferroelectric materials.
In addition, the width of the domain decreases when the lm cooling rate increases, which results in a higher density of domain walls. As in the previous studies, the high density of domain walls can enhance the response to the applied electric eld of the lms. 30, 31, 41, 45 In the present study, the slower cooling rate leads to the bigger domain size and less volume fraction of domain walls, which implies that the domain wall motion and domain switching exhibit lower negative/positive coercive elds compared with that of the T15 and T30 PTO lms as indicated in Fig. 6(b) . This is because the smaller the domain size and the larger the ratio of the domain wall, which is able to reduce the switching behaviours of the domain. In this case, a higher eld is needed to induce the domain wall motion and domain switching.
Furthermore, it is known that the piezoelectric effect of thin lms is strongly associated with domain patterns, crystal structure and crystallographic orientation. 30, 31, 46 In the PTO thin lm with fast cooling rate, the square frame-like domain patterns formed with distorted charged domain wall. Although the Landau-Ginzburg theory suggests that charged walls should be unstable, 43 a small amount of charged domain wall could be sufficient to account for the enhancement of the piezoelectric effect in domain engineered tetragonal ferroelectric crystals, such as BaTiO 3 , PbTiO 3 . 46 Generally, it is proposed that the charged domain wall is wider than the neural domain wall, and the polarization should change gradually in the domain wall to relax the strain between domains. [47] [48] [49] Thus, an increase in the volume fraction of the distorted domain wall region result in the high piezoelectric response.
Conclusions
In this study, we show that it is possible to tune the a 1 /a 2 domain size and domain patterns by controlling the epitaxial deposition conditions. Our results provide direct evidence that the a 1 /a 2 domain size increases with the cooling rate decreases, and the domain patterns evolved from simple uncharged domains to complex charged domains. It is proposed that the charged a 1 /a 2 domain patterns in PTO lms with fast cooling are determined by growth kinetics, while the lms with a slow cooling rate are governed by thermodynamic. The PTO lm with fast cooling rate shows high piezoresponse due to the high density of domains/walls and amount of distorted charged domain wall. 
